Abstract-This work presents a novel class of filters in substrate integrated waveguide (SIW) technology, based on a multilayered configuration. The peculiarity of these filters is the presence of additional poles and zeros, due to the resonant slot etched in the common metal layer between two dielectric substrates. In this way, a filter with two mono-modal cavities, coupled by a resonant slot, exhibits a frequency response with three poles and two transmission zeros. The experimental verification of a prototype operating at 11 GHz is presented in this letter, and the possible extensions of this filter topology are discussed.
INTRODUCTION
Integrated Waveguide (SIW) technology is becoming more and more popular for implementing components and circuits operating in the microwave and millimeter-wave frequency range [1] . SIW structures are based on dielectric substrates, with top and bottom metal layers, perforated with metalized holes, and allow to design compact, low loss, and costeffective planar circuits and antennas.
Among the variety of proposed SIW components, filters have received particular attention, since SIW technology allows great design flexibility and lower losses compared to other printed technologies, like microstrip and coplanar waveguide [2] . In particular, it is possible to obtain crosscoupled filters by adopting negative coupling structures, which permit to properly locate transmission poles and zeros in the frequency response [3] .
Moreover, the use of multilayered configurations represents an effective and emerging solution for improving the compactness of SIW filters and components [4] , especially in conjunction with LTCC technology [5] .
This work presents a novel multilayered SIW filter, based on two mono-modal cavities connected by a resonant slot, that exhibits a frequency response with three poles and two transmission zeros. The proposed filter combines a very compact structure with a good selectivity. A prototype of this filter operating at 11 GHz has been fabricated and tested. The performance of the filter and the possible extensions of this topology are discussed.
II. SIW TRANSITIONS BETWEEN LAYERS
SIW transitions between different layers can be obtained by etching a slot in the common metal layer between the two dielectric substrates. Such transitions can be designed to be either broad-band or narrow-band, according to the size and location of coupling slot. In particular, broad-band coupling can be achieved by using a narrow transverse coupling slot [6] or a rectangular aperture [7] located at the end of the waveguides in the common conductor layer (Fig. 1a) . Conversely, narrow-band transition can be obtained by etching a narrow longitudinal slot in the common conductor layer, slightly offset from the center of the waveguide (Fig. 1b) .
The narrow-band transition is studied in detail. Fig. 2 shows the frequency response of a narrow-band SIW vertical transition, based on a longitudinal slot. The structure is analyzed with the electromagnetic simulation software Ansoft HFSS. If the slot is located very close the center of the waveguide (offset o=0.3 mm), the transmission band is very narrow, and there are two transmission zeros, one at lower frequency and the other at higher frequency. The transmission bandwidth increases when the offset of the slot from the center of the cavity becomes larger. Moreover, the transmission zeros disappear for large values of the offset (o=0.9 mm). It is finally remarked that no SIW-to-microstrip transitions were included in the simulations, to better show that the poles and zeros are due to the resonant slot, and not to spurious cavities, created by the discontinuities of the SIW-to-microstrip transitions.
III. DESIGN OF THE NOVEL SIW FILTER
The narrow-band SIW transition described in the previous section represents the key element for the design of the novel multilayered SIW filter. The basic geometry of proposed filter is shown in Fig. 3 and consists of a double layer structure, with one mono-modal cavity located in each layer and a coupling resonant slot in the common metal layer. The slot is located slightly offset from the center of the waveguide. In order to fit the slot in the upper and lower SIW cavities, an Hshaped slot is adopted to reduce the slot length. This configuration is intended to add two poles (due to the presence of two mono-modal resonant cavities) in the frequency response of the narrow-band SIW transition.
A filter based on this topology was designed by using the electromagnetic simulation software Ansoft HFSS. The filter is optimized to operate at 11 GHz and is based on two layers of dielectric substrate Rogers RO4003, with thickness 0.813 mm, relative dielectric permittivity ε r =3.55, and loss tangent tanδ= 0.0027. The thickness of the (copper) metal layers is 35 μm. Finally, broad-band SIW-to-microstrip transitions are added to permits to the characterization of the filter.
The simulated frequency response of the filter is shown in Fig. 4a : it exhibits three poles in the pass-band, with input matching better than 20 dB between 10.65 GHz and 11.35 GHz, and two transmission zeros at 9.5 GHz and 11.8 GHz, which increase the filter selectivity. The simulated insertion loss is 1.3 dB at 11 GHz: this insertion loss is the combination of dielectric loss (0.6 dB), conductor loss (0.55 dB) and radiation leakage (0.15 dB). Finally, the simulation of the group delay is also reported in Fig. 4b .
IV. EXPERIMENTAL VERIFICATION
A prototype of the SIW filter was fabricated by milling technique, and its picture is shown in Fig. 5 . In the fabrication process, particular care was paid for etching the slot in the metal layer connecting the two dielectric substrate, since the milling machine removes not only the metal but also a small portion of dielectric material, and this can be critical for the resonant slot. The two dielectric substrates were machined separately and then mounted by using four screws. No glue was used to connect the two layers. The measured results are shown in Fig. 4 : the measured scattering parameters show a good agreement with the simulation. In particular, the input matching is better than 16 dB in the pass-band and the measured insertion loss is 1.7 dB at 11 GHz. Moreover, the measured group delay is shown in Fig. 4b .
V. COMPARISON WITH OTHER FILTER TOPOLOGIES
The filter proposed in this work results significantly more compact compared with classical solutions, being its size three time smaller in surface than a planer filter with three cavities.
The other advantage is the presence of two transmission zeros, which permit to improve the filter selectivity. SIW filters with transmission zeros at finite frequencies can be also obtained either by using negative coupling structures [3] or by using higher-order modes in oversized cavities [8] . The proposed filter topology can be extended to filters with higher selectivity. The possible extensions could include filters based on more than two dielectric layers, or filters with more than one cavity per layer, or also topologies with dualmode cavities.
Finally, the value of losses can be significantly reduced by adopting dielectric material with lower loss tangent.
VI. CONCLUSION
A novel multilayered SIW filter topology has been presented in this letter, based on two mono-modal cavities connected by a resonant slot. The slot, located in the common metal layer between two dielectric substrates, permits to introduce one additional pole and two transmission zeros in the frequency response of the filter. In this way, a filter with two mono-modal cavities exhibits a frequency response with three poles and two transmission zeros. 
